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Background: Cdx function is essential for intestinal homeostasis and may impact tumorigenesis.
Results: Cdx loss increases tumor incidence and alters tumor phenotype in an APC mutant background.
Conclusion: Cdx transcription factors impact intestinal tumorigenesis.
Significance: Cdx members modulate both the frequency and phenotype of intestinal tumors through previously unrecognized
mechanisms.

In humans, colorectal cancer is often initiated through APC loss
of function, which leads to crypt hyperplasia and polyposis driven
by unrestricted canonical Wnt signaling. Such polyps typically
arise in the colorectal region and are at risk of transforming to inva-
sive adenocarcinomas. Although colorectal cancer is the third most
common cause of cancer-related death worldwide, the processes
impacting initiation, transformation, and invasion are incom-
pletely understood. Murine APCMin/� mutants are often used to
model colorectal cancers; however, they develop nonmeta-
static tumors confined largely to the small intestine and
are thus not entirely representative of the human disease.
APCMin/� alleles can collaborate with mutations impacting
other pathways to recapitulate some aspects of human colo-
rectal cancer. To this end, we assessed APCMin/�-induced
polyposis following somatic loss of the homeodomain tran-
scription factor Cdx2, alone or with a Cdx1 null allele, in the
adult gastrointestinal tract. APCMin/�-Cdx2 mutants recapit-
ulated several aspects of human colorectal cancer, including
an invasive phenotype. Notably, the concomitant loss of Cdx1
led to a significant increase in the incidence of tumors in the
distal colon, relative to APCMin/�-Cdx2 offspring, demon-
strating a previously unrecognized role for this transcription
factor in colorectal tumorigenesis. These findings underscore
previously unrecognized roles for Cdx members in intestinal
tumorigenesis.

Colorectal cancer (CRC)2 leads to more than 600,000 deaths
annually, making it the third most deadly cancer worldwide.
Despite this, our understanding of the mechanisms driving intes-
tinal tumorigenesis is incomplete. Inactivating mutations in the
APC (adenomatous polyposis coli) gene are an early causative
event in most cases of sporadic intestinal cancer and also underlie
the familial adenomatous polyposis syndrome in humans (1). Loss
of APC function in the human intestine results in protracted acti-
vation of the canonical Wnt signaling pathway, resulting in hyper-
proliferation and outgrowth of intestinal polyps, which are predis-

posed to subsequent malignant conversion (2–4). APC mutant
mice, such as the multiple intestinal neoplasia (APCMin/�) mouse
(4), harbor a comparable inactivating mutation and develop polyps
similar to human familial adenomatous polyposis patients (5).
However, in contrast to humans, APCMin/� mice exhibit lesions
primarily affecting the small intestine and pericecal area that rarely
progress to adenocarcinomas (3, 4).

Considerable work has revealed the nature of additional
pathways that impact on tumorigenesis in murine APC models.
Such pathways include activating mutations of K-Ras and
lesions in the TGF-� and Eph-Ephrin signaling pathways (6 –9).
These studies have yielded murine models that recapitulate
some aspects typical of human CRC. The Cdx family of tran-
scription factors are also potential contributors to the CRC
phenotype. Cdx1 and Cdx2 are necessary for the proper devel-
opment of the intestinal tract and homeostasis of the intestinal
epithelium throughout life (10 –15). Our understanding of Cdx
function in intestinal tumorigenesis has, until recently, been
restricted by the peri-implantation lethality of Cdx2 null
mutants (10). Moreover, although Cdx1 null mice do not dis-
play any overt intestinal phenotype (16), Cdx members likely
play overlapping roles in the intestine (14) and colon (13), and
the impact of concomitant loss of Cdx1 and Cdx2 on intestinal
tumorigenesis has not been reported to date.

There is considerable evidence suggesting that CDX2 sup-
presses CRC. For example, loss of CDX2 expression is seen in
�30% of human CRC and is associated with higher tumor grade
(17–19). Furthermore, the frequency of polyps in APCMin�/� off-
spring or those induced by azoxymethane (20) is increased in Cdx2
heterozygotes. Although these latter observations support a
tumor-suppressive function for Cdx2, it is unclear whether this
increase in polyposis is reflective of neoplastic-related Cdx2 func-
tions or of Cdx2-dependent developmental events. Moreover, the
potential functional overlap between Cdx1 and Cdx2 has con-
founded a clearer understanding of a role for Cdx in CRC.

In the present study, Cdx2 was conditionally deleted from
the adult intestine in a mosaic manner to circumvent the lethal-
ity associated with complete loss of the protein. This mosaic
deletion, alone or in conjunction with a Cdx1 germ line muta-
tion (16), was assessed for impact on APCMin/�-associated pol-
yposis. Loss of Cdx2 or Cdx1-Cdx2 in an APCMin/� background
resulted in a marked acceleration of lethality associated with an
increase in tumor incidence impacting the small intestine.
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Ablation of Cdx2 also resulted in a significant increase in tumor
formation in the colon, which was exacerbated with concomi-
tant loss of Cdx1, particularly in the distal colon. Tumors were
associated with coincident alterations in TGF-� signaling and
invasion. Finally, Cdx2 ablation resulted in the formation of
villous tumors, which were associated with loss of ephrinB1
expression. These findings reveal previously unrecognized
roles for Cdx1 in CRC and underscore new roles for Cdx in
modifying the CRC phenotype.

EXPERIMENTAL PROCEDURES

Generation of Cdx-Min Mutants—Cdx1�/�, Cdx2f/f, APCMin/�,
and Villin-CreERT mice have been previously described (13, 16,
21, 22). These animals were intercrossed and inbred for a min-
imum of five generations. To effect Cdx2 deletion, nontrans-
genic control and Cre-positive animals were treated with either
a single 0.25-mg dose of tamoxifen by oral gavage at 2 months
(for mosaic deletion) or 2 mg of tamoxifen for complete dele-
tion. Animals were maintained according to the guidelines
established by the Canadian Council on Animal Care and the
Animal Care & Veterinary Services of the University of Ottawa.

Histology and Immunohistochemistry—Intestines were pre-
pared as previously described (13). Paraffin-embedded material
was sectioned at 5 �m, and frozen material was sectioned at 8 �m.
Immunostaining was carried out using standard methods. Primary
antibodies used were �-Cdx1 and �-Cdx2 (1:1000 dilution) (22),
�-Ki67 (1:200 dilution; Abcam), �-lysozyme (1:500 dilution;
Dako), �-�-catenin (1:50 dilution; Millipore), �-ephrin B1 (1:200
dilution; R&D Systems), �-EphB2 (1:200 dilution; R&D Systems),
�-ZO-1 (1:200; Invitrogen), and �-pSmad2 (Ser-465/467) (1/1000
dilution; Millipore). Linker antibody for EphB2 and ephrin B1
reactivity was rabbit �-goat IgG (H�L) (1:1000 dilution; Jackson
ImmunoResearch Laboratories). The secondary antibodies used
were HRP-conjugated goat �-mouse, goat �-rabbit, donkey �-rab-
bit (1/1000 dilution; Santa Cruz Biotechnologies), or goat �-rab-
bit Alexa Fluor 594 (1/1000 dilution, Invitrogen). Slides were
mounted using Permount (Fisher), and images were captured
using a Mirax Midi Scanner (Zeiss).

Quantitative Polymerase Chain Reaction—Total RNA was
extracted using TRIzol reagent (Invitrogen) according to the
manufacturer’s instructions and used to generate cDNA by
standard procedures. cDNA was subsequently amplified using
gene-specific oligonucleotides with SsoFast EvaGreen Super-
mix (Bio-Rad) according to the manufacturer’s recommenda-
tions. PCR was performed using the MX3005P (Agilent Tech-
nologies), and the results were analyzed using the 2���Ct

method (23) normalized to �-actin. For specificity, the dissoci-
ation curve was considered for each amplicon. The data are
reflective of a minimum of three different biological samples
and expressed as the means � standard deviation. Primer
sequences are available upon request.

Chromatin Immunoprecipitation—ChIP for Cdx genomic
occupancy was performed as previously described (22) using chro-
matin generated from C2bbe1 cells. PCR was directed across
regions encompassing potential CDREs, using Dll1 and an internal
exon as positive and negative controls, respectively. Oligonucleo-
tide sequences used for ChIP are available upon request.

Promoter Analysis—P19 cells were seeded onto 6-well plates,
and triplicate samples were transfected with the appropriate
combination of expression plasmids 24 h later. Luciferase activ-
ity was measured 48 h post-transfection using the Luciferase
Assay System (Promega) with a luminometer (Synergy H1
Hybrid Multi-Mode Microplate Reader BioTek) and normal-
ized for transfection efficiency using �-galactosidase.

RESULTS

Cdx1 and Cdx2 Suppress APCMin/�-induced Tumorigenesis—
To investigate the impact of Cdx loss on intestinal tumorigen-
esis, an APCMin/� allele (21) (denoted as Min hereafter) was
bred into either the Villin-CreERT-Cdx2f/f or the Villin-Cre-
ERT-Cdx1�/�Cdx2f/f background. Because widespread loss of
Cdx2 in the adult intestine is lethal (13, 14), a suboptimal dose
(0.25 mg) of tamoxifen was used to elicit mosaic deletion of
Cdx2, permitting survival as previously described (13). For sim-
plicity, animals generated in this manner are hereafter referred
to as Cdx2-Min (and derivatives thereof).

A longitudinal study revealed an early, comparable, onset of
lethality of Cdx2-Min and Cdx1-Cdx2-Min mutants relative to
Min offspring (4) (Fig. 1A). Macroscopic examination of the intes-
tinal tracts 12–14 weeks after tamoxifen administration revealed
an �3-fold increase in tumor burden in the small intestine of Cdx-
Min mutants compared with Min controls, with no significant
difference between Cdx2-Min and Cdx1-Cdx2-Min cohorts (Fig.
1, B and C). Although Min animals exhibited a modest bias for
polyposis in the proximal small intestine, tumor incidence was
uniform along the small intestine of Cdx-Min offspring (data not
shown). Of note, Cdx1-Min mutant mice were identical to Min
offspring with respect to tumor distribution, phenotype, and lon-
gevity (data not shown), suggesting that Cdx1 loss alone does not
impact Min-induced tumorigenesis.

Cdx2-Min mice exhibited a significant increase in tumor
burden in the colon compared with Min offspring; this was
increased significantly by concomitant loss of Cdx1 (Fig. 1, B
and C). Polyps in Min offspring occurred exclusively in the
proximal colon (Fig. 1D). In contrast, Cdx2-Min mutants
exhibited a uniform distribution of polyps throughout the
colon, whereas Cdx1-Cdx2-Min mutants exhibited a biased
localization toward the distal large intestine (Fig. 1D).

Prior work has shown an increase in tumor incidence in the
distal colon of Cdx2-Min compound heterozygotes suggested
to be due to Cdx-dependent regulation of APC (24). However,
APC expression in the colon did not differ between Cdx1-
Cdx2-Min and Cdx2-Min offspring (Fig. 1E). This suggests that
Cdx1 increases distal polyposis independent of effects on APC.

Cdx Impacts Cell Sorting—Loss of APC results in �-catenin
stabilization leading to an increase in Wnt target gene expres-
sion and aberrant proliferation (5). Consistent with this, high
levels of �-catenin and hyperproliferation (as evidenced by
increased Ki67 expression) were seen in all tumors, irrespective
of genotype (Fig. 2, A and B). �-Catenin-positive control Min
tumors appeared to be encased in a sheet of normal epithelium,
consistent with the ingressed morphology typical of the tubular
adenomas seen in this model (Fig. 2C) (25). In marked contrast,
�-catenin positive hyperproliferative cells were distributed on
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the luminal surface in Cdx-Min offspring (Fig. 2C), a morphol-
ogy typical of villous tumors (9).

Defects in cues directing cell sorting have been implicated in
the altered distribution of neoplastic cells such as seen in villous
tumors (26 –28). Consistent with this, expression of lysozyme
was observed dispersed throughout the Cdx2-Min and Cdx1-
Cdx2-Min tumors (Fig. 2D), indicative of a mislocalization of
Paneth cells from their normal crypt niche and suggestive of
lesions in cell sorting processes. This phenomenon was not
seen in Min tumors (Fig. 2D), nor has it been observed in Cdx2
or Cdx1-Cdx2 null intestine (13).

In the intestine, Eph-ephrin signaling establishes a boundary
between the EphB2- and EphB3-positive cells in the crypt and
ephrin B1-expressing cells of the villous epithelium involved in cell
compartmentalization. Mislocalization of Paneth cells, such as

that seen in Cdx-Min mutant tumors, has been observed as a con-
sequence of loss of Eph-ephrin signaling in the intestine (9, 26).
Moreover, EphB2-ephrin B1 interactions have been suggested to
suppress colorectal cancers by compartmentalizing hyperprolif-
erative intestinal cells, whereas lesions in this pathway can result in
the migration of transformed cells over the villous, again as
observed in the Cdx-Min mutants. Consistent with this, ephrin B1
protein and mRNA were decreased in the Cdx2-Min and Cdx1-
Cdx2-Min tumors but were maintained in the villus epithelium
enveloping Min control polyps (Fig. 3, A and C). EphB2, which is
usually expressed in the intestinal crypt, was seen throughout
tumors irrespective of genotype, consistent with a crypt origin of
these cells (Fig. 3B) (29). These observations suggest that eph-
rin-B1 is dependent on Cdx and that loss of Eph-ephrin signaling
contributes to the villous nature of Cdx-Min tumors.

FIGURE 1. Cdx impacts tumor incidence and survival in Min mice. A, Kaplan-Meier curve for survival of Min, Cdx2-Min, and Cdx1-Cdx2-Min mice after
tamoxifen administration (n � 10). p values were determined by log rank test compared with controls. B, hematoxylin and eosin staining of small intestine (i,
ii, iii) and colon (iv, v, vi) from Min, Cdx2-Min, and Cdx1-Cdx2-Min mice. Arrows denote representative macroscopic tumors. C and D, incidence of macroscopic
tumors in the intestinal tract (C) and proximal, middle, and distal colon (D) of Min, Cdx2-Min, and Cdx1-Cdx2-Min mice. E, qPCR analysis of APC expression in the
colon of Min, Cdx2-Min, Cdx1-Min, and Cdx1-Cdx2-Min mice. The data are expressed as the means of five independent mice � standard deviation. The scale bar
in B represents 5 mm. *, p � 0.05 relative to Min controls by Student’s t test.
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Cdx Impacts Tumor Progression and TGF-� Signaling—CDX2
deficiency has been correlated with high CRC tumor grade and
poor prognosis (18, 30, 31, 61); however, it is unclear whether loss
of CDX2 is causal to these events or whether expression is lost
secondarily. Using differential staining with periodic acid-Schiff
(goblet cells) and Churukian silver (enteroendocrine cells), we
found that Cdx2-Min tumors were devoid of mature goblet and
enteroendocrine cells, whereas Min control tumors maintained
both (data not shown). These results suggested that loss of Cdx2
contributes to the poor differentiation of Min-induced tumors (17,
18).

Tumor progression requires the acquisition of the ability to
invade neighboring tissue leading to metastases, which are respon-
sible for 90% of cancer deaths (32). We found areas of tumor cell
invasion into the submucosa in both Cdx2-Min and Cdx1-Cdx2-
Min offspring, but not Min tumors (Fig. 4A). One of the steps

associated with solid tumor extravasation and metastasis is epithe-
lial-mesenchymal transition (EMT) (33). Consistent with this,
Cdx-Min tumors lost the expression of the epithelial marker
E-cadherin and gained expression of vimentin, Twist1, Zeb1, and
Zeb2 (Fig. 4B) as is typical of EMT (34). Loss of epithelial character
was also evidenced by misexpression of the tight junction protein
ZO-1 in Cdx null tumors (Fig. 4D) (37).

The TGF-� signaling pathway is a potent inducer of EMT (33,
35), and TGF-� ligands have been shown to enhance invasion and
metastasis of diverse cancers (36). Consistent with this, in the small
intestine, we found an increase in expression of TFG-�2, TFG-�3,
and the TGF-� target gene PAI-1 in Cdx-Min polyps 12–14 weeks
postdeletion (Fig. 4C). pSmad2 levels were also increased in the
leading edge of invasive Cdx-Min tumors (Fig. 4A). These findings
suggest that aberrant activation of the TGF-� signaling pathway
may contribute to tumor progression in Cdx-Min mutants.

FIGURE 2. Cdx ablation impacts tumor cell sorting. Immunohistochemistry for �-catenin (A), Ki67 (B), Cdx2 (C), and lysozyme (D) in the small intestine of Min
(panels i), Cdx2-Min (panels ii), and Cdx1-Cdx2-Min (panels iii) mice. Note the Cdx2-positive, Ki67-negative cells enveloping the �-catenin expressing cells in Min
controls, whereas Cdx mutant tumors exhibit �-catenin expression on the luminal surface. The black arrows in D indicate ectopic lysozyme expression. The scale
bar represents 200 �m.
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Polyps arising in the colon of Cdx-Min offspring exhibited
characteristics similar to those of the small intestine, including
a villous morphology, increased �-catenin expression, and
hyperproliferation (Fig. 5, A–D). The TGF-� pathway has sig-
nificant influence on colorectal tumorigenesis (38 – 41) and can
contribute to metastatic intestinal adenocarcinomas, both with
(42, 43) and without (44) Wnt activation. Given the marked
increase in tumor incidence throughout the colon in Cdx-Min
mutants, relative to Min offspring, we assessed expression of
TGF-� effectors either 48 h after complete Cdx2 deletion or in
polyps following mosaic excision. TGF-� ligand expression was
unaffected following acute Cdx2 deletion in both Cdx2-Min
and Cdx1-Cdx2-Min backgrounds. However, expression of
SARA (Smad anchor for receptor activation, also known as
Zfyve9) was lost 48 h postdeletion in the colon of Cdx1-Cdx2-
Min offspring (Fig. 6A). The finding that deletion of both Cdx1
and Cdx2 was necessary to impact SARA expression is consis-
tent with functional overlap.

SARA facilitates the phosphorylation of Smad2 and Smad3,
and loss of SARA has been shown to impact Smad2/3 protein
expression (45, 46). Consistent with this, pSmad2 was margin-
ally increased in Cdx2 mutant large intestines concordant with
a modest increase in both Smad2 and SARA transcripts in this
background. Although the basis for this is presently unclear, it
may be indicative of a compensatory response to Cdx2 loss. In

contrast, both Smad2 phosphorylation and SARA expression is
attenuated in Cdx1-Cdx2 double mutants (Fig. 6C).

In contrast to acute events, pSmad2 levels were markedly
increased in polyps in both Cdx2-Min and Cdx1-Cdx2-Min
colons (Fig. 6D), despite loss of SARA expression in both of
these backgrounds (Fig. 6B). Phosphorylation of Smad2 can
occur via TGF-� independent pathways (47– 49). Consistent
with this, induction of Pdgf-BB was seen in Cdx-Min colon
tumors in a manner that closely correlated with both pSmad2
levels and tumor incidence (Fig. 6E). pSmad3 was not apprecia-
bly altered under any condition examined (data not shown).

SARA Is a Cdx Target Gene—The rapid loss of SARA expres-
sion following acute Cdx2 deletion is suggestive of direct regu-
lation. Consistent with this, Transcriptional Element Search
System analysis identified potential Cdx response elements
(CDREs) in the proximal SARA promoter (Fig. 7A), which are
phylogenetically conserved (Fig. 7B). ChIP analysis revealed
that Cdx2 was enriched in proximity to both of the putative
CDREs in C2BBe1 (Fig. 7C), and Cdx2 induced transcription
from this promoter in cell-based reporter assays (Fig. 7D).
Taken together, these data suggest that Cdx may impact SARA-
dependent TGF-� signaling relevant to tumorigenesis, with
subsequent events promoting tumorigenesis by TGF-� inde-
pendent pathways (Fig. 7E). Notably, this relationship appears

FIGURE 3. Cdx2 impacts ephrin B1 expression. A and B, immunohistochemistry for ephrin B1 (A) and EphB2 (B) (red) counterstained with DAPI (blue) in the
tumors of the small intestine in Min, Cdx2-Min, and Cdx1-Cdx2-Min mice. C, qPCR analysis for ephrin B1 expression in tumors from Min, Cdx2-Min and
Cdx1-Cdx2-Min offspring. The results are expressed as the means of three independent tumors from separate mice � standard deviation. *, p � 0.05 relative
to Min controls by Student’s t test. The scale bar represents 100 �m.
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to be limited to the colon, because SARA expression was not
impacted in the small intestine.

DISCUSSION

Cdx1 and Cdx2 Act as Tumor Suppressors—Aberrant Wnt
signaling, evoked by inactivating mutation of APC, is a frequent
early event in human colorectal tumorigenesis, and comparable
murine APC alleles have been used to model this relationship

(1, 27, 50). Such models, however, develop benign polyps con-
fined to the small intestine and proximal cecum, which differs
markedly from human Wnt-induced polyps, which manifest
primarily in the distal colon and progress to invasive carci-
noma. Prior studies have suggested Cdx2 has both tumor pro-
moter (51–54) and tumor suppressive (17, 20, 55–58) potential;
however, a comprehensive analysis of somatic inactivation of
Cdx2 in colorectal tumorigenesis, and the impact of Cdx1 in

FIGURE 4. Loss of Cdx impacts tumor invasion. A, hematoxylin and eosin (H&E) and pSmad2 staining of small intestine from control and Cdx1-Cdx2-Min mice.
The dotted lines indicate the basement membrane; note the dispersion of tumor cells into the mucosa in the Cdx1-Cdx2-Min specimen. B, qPCR for E-cadherin
(E-cad), Vimentin, Twist1, Zeb1, and Zeb2 from control and Cdx null intestinal tumors. C, qPCR for PAI-1, Smad7, Tgf-�1, Tgf-	2, and Tgf-�3 from control and Cdx
null tumors. D, immunohistochemistry for Zo-1 (red) counterstained with DAPI (blue) in small intestine of Min, Cdx2-Min, and Cdx1-Cdx2-Min mice. The scale bar
represents 200 �m. The values represent the means of three independent mouse tumors � standard deviation. *, p � 0.005 by Student’s t test; #, p � 0.05 by
Student’s t test compared with Min controls.
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this process, has not been rigorously evaluated. In the present
study, we used somatic inactivation of Cdx2 alone, or with loss
of Cdx1 to better understand the roles of these transcription
factors in a murine Min model. Using this approach, we found
novel roles for Cdx1 in suppressing colorectal tumor formation
and for Cdx function in tumor cell sorting, invasion, and TGF-�
signaling. The Cdx-Min model appears to represent a novel
murine system that more closely reflects human CRC and pro-
vides a tractable model to further explore the impact of Cdx in
intestinal tumorigenesis.

Cdx1 expression is decreased or lost in many colorectal can-
cer cell lines, as well as in patients (56, 57, 59), and can reduce
proliferation when expressed in human cancer cells in culture
(55). However, loss of Cdx1 alone has no impact on intestinal
tumorigenesis in murine systems (60). Our present observa-
tions strongly suggest that this is due to functional overlap, as

concomitant loss of Cdx1 and Cdx2 had a significant impact on
tumor formation in the large intestine with a biased incidence
toward the distal colon, as seen in human CRC.

In contrast to the colon, somatic deletion of Cdx2 in the adult
increased the incidence and growth of Min-induced tumors in the
small intestine, but this was not exacerbated by concomitant dele-
tion of Cdx1. This is consistent with prior work suggesting that
Cdx1 loss does not impact Wnt-dependent tumorigenesis in the
small intestine (60). We also found tumors to be evenly distributed
throughout the large intestine of Cdx2-Min offspring, whereas
prior work using germ line Cdx2 heterozygotes found Min-in-
duced tumors to be distally located and not increased in incidence
in the small intestine (24). The bases for these discrepancies are
presently unclear but may relate to the somatic versus germ line
loss of Cdx2. Differences may also be explained by the mechanisms
driving loss of Cdx2; in our model system, we excised both copies

FIGURE 5. Tumor formation in colons of Cdx mutant mice. A, analysis of colon tumors by hematoxylin and eosin staining (H&E). B–D, immunohistochemistry
for Cdx2 (B), �-catenin (C), and Ki67 (D) from Min, Cdx2-Min, and Cdx1-Cdx2-Min mice at 12–14 weeks post-tamoxifen treatment. The scale bar
represents 200 �m.
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of Cdx2 throughout the intestine, whereas polyps arise in Cdx2�/�

animals only after silencing of Cdx2 expression from the residual
wild type allele (20, 24).

Cdx Loss Impacts Tumor Phenotype—Tumors in Cdx1-Cdx2-
Min offspring were minimally differentiated, invasive, and with
a villous morphology. The latter two observations coincided
with an EMT signature and loss of ephrin B1, respectively,
underscoring previously unsuspected roles for Cdx in CRC
progression.

Cell adhesion and repulsion are important contributors to
normal intestinal morphogenesis, and lesions in these pro-
cesses can impact CRC progression. The Wnt target genes
EphB2 and EphB3, expressed in the intestinal crypt, together
with their ephrin B1 ligand, expressed on the villus epithelium,

elicit cell repulsive mechanisms resulting in ingression of
hyperproliferative APC�/min crypt cells, yielding the morphol-
ogy typical of adenomatous polyps (25). Loss of this compart-
mentalization, such as evoked by loss of ephrin B1, can lead to
villous adenomas (9, 62). This relationship is consistent with
the loss of ephrin B1 and the villous phenotype of polyps
observed in Cdx-Min offspring.

Cdx and Tumor Progression—Unlike human CRC, the polyps
arising in APC mouse models rarely progress. EMT is associ-
ated with malignant progression and is involved in the acquisi-
tion of an invasive nature in CRC (63). We found that Cdx-Min
tumors appear to invade the basement membrane, with con-
comitant EMT molecular signatures. Consistent with this,
E-cadherin has been previously reported to be down-regulated

FIGURE 6. Cdx ablation impacts TGF-� signaling. A, qPCR analysis for expression of TGF-� intermediaries in the colon epithelium 48 h after total Cdx2
deletion. B, qPCR for TGF-� intermediaries in colon tumors from Min and Cdx-Min offspring. C and D, immunohistochemistry for pSmad2 in colons 48 h
following Cdx2 deletion (C) and in tumors (D) from control and Cdx-mutants. E, qPCR for the expression of Pdgf-AA and Pdgf-BB in colon tumors. The error bars
represent standard deviation from the means of three independent samples. *, p � 0.05 by Student’s t test. The scale bars represent 100 (C) and 200 (D) �m.
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upon loss of Cdx2 (64, 65). It is also notable that activation of
the PI3K/Akt signaling cascade has also been associated with
EMT (66). mTOR, a downstream effector of PI3K/Akt, is
impacted in Cdx2-Min tumors offspring (24), suggesting a basis
for the EMT seen in the present study.

A number of pathways have been shown to interact with
aberrant Wnt signaling to induce metastatic CRC, including
the TGF-� signaling pathway (50, 67, 68). Indeed, tumor
growth and invasion in Min mice is accelerated by loss of
Smad2 or Smad4 (7, 8). Loss of Smad signaling in the
immune compartment is thought to underlie, at least in part,
the tumor phenotype seen in these mice (69). However, dele-
tion of the transforming growth factor � receptor type II in

the intestinal epithelium also leads to malignant transforma-
tion in a Min background (42), demonstrating that disrup-
tion of TGF-� signaling in the epithelium proper can impact
intestinal tumorigenesis.

Currently, a critical role for SARA in recruitment of Smad2/3
to the to the TGF-� receptor is controversial (70). However,
mutations in SARA have been detected in �33% of colon can-
cers (71, 72). SARA expression was significantly down-regu-
lated in Cdx-Min backgrounds in a manner that correlated with
tumor incidence in the distal colon. Moreover, SARA levels
declined rapidly in Cdx1-Cdx2 mutants consistent with expres-
sion profiles of direct target genes (73). In agreement with this,
the SARA promoter was found to harbor a number of conserved

FIGURE 7. SARA is a Cdx2 target gene. A, schematic representation of putative CDREs found in the SARA promoter. B, conservation of the proximal CDRE in the
SARA promoter. C, ChIP analysis of the SARA locus from C2BBe1 cells showing Cdx2 occupancy of the regions encompassing the CDRE at �0.9 and �2.3 kb, but
not the downstream exon. Dll1 was used as a positive control. D, Cdx2 induces expression from the SARA promoter in cell-based assays. Empty vector and a
control CDRE expression vector were used as negative and positive controls, respectively. E, model for tumor progression in the colon upon loss of Cdx2. *, p �
0.05 relative to control by Student’s t test.
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CDRE and was occupied by Cdx2 in vivo. Moreover, these pro-
moter sequences responded to Cdx2 in cell-based models.

The above findings suggest that SARA is a direct Cdx target
gene and that Cdx loss may impact on TGF-� signaling through
SARA, contributing to the shift in tumor incidence to the distal
colon seen in Cdx1-Cdx2-Min tumors. In agreement with this,
pSmad2 was attenuated rapidly in the colon of Cdx1-Cdx2-Min
mice following Cdx2 deletion. pSmad2 was not impacted
in Cdx2-Min mutants, consistent with functional overlap
between Cdx members (13), and underscores critical, previ-
ously unrecognized, roles for Cdx1 in this process.

pSmad2 levels were increased in colon tumors. This induc-
tion correlated with expression of Pdgf-BB, which is known to
increase Smad2 phosphorylation (49). This biphasic change in
pSmad2 expression in the Cdx1-Cdx2 tumors has been
observed in other models of colorectal cancer and is consistent
with a role for TGF-� signaling as a tumor suppressor and pro-
moter in a stage-dependent manner (50, 74, 75).

pSmad and SARA levels were unperturbed in the small intes-
tine, irrespective of Cdx status, suggesting that Cdx exerts dif-
ferent influence on Min-induced polyposis along the GI tract.
This is similar to observations of TGF-� signaling in intestinal
tumorigenesis elicited by loss of estrogen receptors � and � (40,
41). The Cdx-Min model described in this study will likely be of
relevance to a better understanding of the significant percent-
age of human CRC cases in which CDX2 has been lost.

Acknowledgments—We thank P. Chambon and D. Metzger for the
Villin Cre-ERT line; P. Gruss and B. Meyer for the Cdx1�/� mouse
line; M. Mansfield for mouse husbandry; and Z. Ticas, L. Dong, L.
Pelletier, E. Labele, and R. Hanania for assistance with tissue process-
ing, histology, and photography.

REFERENCES
1. Näthke, I. S. (2004) The adenomatous polyposis coli protein: the Achilles

heel of the gut epithelium. Annu. Rev. Cell Dev. Biol. 20, 337–366
2. Polakis, P. (2007) The many ways of Wnt in cancer. Curr. Opin. Genet.

Dev. 17, 45–51
3. Halberg, R. B., Katzung, D. S., Hoff, P. D., Moser, A. R., Cole, C. E., Lubet,

R. A., Donehower, L. A., Jacoby, R. F., and Dove, W. F. (2000) Tumorigen-
esis in the multiple intestinal neoplasia mouse: redundancy of negative
regulators and specificity of modifiers. Proc. Natl. Acad. Sci. U.S.A. 97,
3461–3466

4. Moser, A. R., Pitot, H. C., and Dove, W. F. (1990) A dominant mutation
that predisposes to multiple intestinal neoplasia in the mouse. Science 247,
322–324

5. Clevers, H. (2006) Wnt/�-catenin signaling in development and disease.
Cell 127, 469 – 480

6. Sansom, O. J., Meniel, V., Wilkins, J. A., Cole, A. M., Oien, K. A., Marsh, V.,
Jamieson, T. J., Guerra, C., Ashton, G. H., Barbacid, M., and Clarke, A. R.
(2006) Loss of Apc allows phenotypic manifestation of the transforming
properties of an endogenous K-ras oncogene in vivo. Proc. Natl. Acad. Sci.
U.S.A. 103, 14122–14127

7. Hamamoto, T., Beppu, H., Okada, H., Kawabata, M., Kitamura, T., Miya-
zono, K., and Kato, M. (2002) Compound disruption of Smad2 accelerates
malignant progression of intestinal tumors in apc knockout mice. Cancer
Res. 62, 5955–5961

8. Takaku, K., Oshima, M., Miyoshi, H., Matsui, M., Seldin, M. F., and Ta-
keto, M. M. (1998) Intestinal tumorigenesis in compound mutant mice of
both Dpc4 (Smad4) and Apc genes. Cell 92, 645– 656

9. Cortina, C., Palomo-Ponce, S., Iglesias, M., Fernández-Masip, J. L., Vivan-

cos, A., Whissell, G., Humà, M., Peiró, N., Gallego, L., Jonkheer, S., Davy,
A., Lloreta, J., Sancho, E., and Batlle, E. (2007) EphB-ephrin-B interactions
suppress colorectal cancer progression by compartmentalizing tumor
cells. Nat. Genet. 39, 1376 –1383

10. Chawengsaksophak, K., James, R., Hammond, V. E., Köntgen, F., and Beck,
F. (1997) Homeosis and intestinal tumours in Cdx2 mutant mice. Nature
386, 84 – 87

11. Gao, N., White, P., and Kaestner, K. H. (2009) Establishment of intestinal
identity and epithelial-mesenchymal signaling by Cdx2. Dev. Cell 16,
588 –599

12. Grainger, S., Savory, J. G., and Lohnes, D. (2010) Cdx2 regulates patterning
of the intestinal epithelium. Dev. Biol. 339, 155–165

13. Hryniuk, A., Grainger, S., Savory, J. G., and Lohnes, D. (2012) Cdx function
is required for maintenance of intestinal identity in the adult. Dev. Biol.
363, 426 – 437

14. Verzi, M. P., Shin, H., Ho, L. L., Liu, X. S., and Shivdasani, R. A. (2011)
Essential and redundant functions of Caudal family proteins in activating
adult intestinal genes. Mol. Cell Biol. 31, 2026 –2039

15. Verzi, M. P., Shin, H., He, H. H., Sulahian, R., Meyer, C. A., Montgomery,
R. K., Fleet, J. C., Brown, M., Liu, X. S., and Shivdasani, R. A. (2010) Dif-
ferentiation-specific histone modifications reveal dynamic chromatin in-
teractions and partners for the intestinal transcription factor CDX2. Dev.
Cell 19, 713–726

16. Subramanian, V., Meyer, B. I., and Gruss, P. (1995) Disruption of the
murine homeobox gene Cdx1 affects axial skeletal identities by altering
the mesodermal expression domains of Hox genes. Cell 83, 641– 653

17. Baba, Y., Nosho, K., Shima, K., Freed, E., Irahara, N., Philips, J., Meyer-
hardt, J. A., Hornick, J. L., Shivdasani, R. A., Fuchs, C. S., and Ogino, S.
(2009) Relationship of CDX2 loss with molecular features and prognosis
in colorectal cancer. Clin. Cancer Res. 15, 4665– 4673

18. Hinoi, T., Tani, M., Lucas, P. C., Caca, K., Dunn, R. L., Macri, E., Loda, M.,
Appelman, H. D., Cho, K. R., and Fearon, E. R. (2001) Loss of CDX2
expression and microsatellite instability are prominent features of large
cell minimally differentiated carcinomas of the colon. Am. J. Pathol. 159,
2239 –2248

19. Lugli, A., Tzankov, A., Zlobec, I., and Terracciano, L. M. (2008) Differen-
tial diagnostic and functional role of the multi-marker phenotype CDX2/
CK20/CK7 in colorectal cancer stratified by mismatch repair status. Mod.
Pathol. 21, 1403–1412

20. Bonhomme, C., Duluc, I., Martin, E., Chawengsaksophak, K., Chenard,
M. P., Kedinger, M., Beck, F., Freund, J. N., and Domon-Dell, C. (2003) The
Cdx2 homeobox gene has a tumour suppressor function in the distal colon
in addition to a homeotic role during gut development. Gut 52,
1465–1471

21. Su, L. K., Kinzler, K. W., Vogelstein, B., Preisinger, A. C., Moser, A. R.,
Luongo, C., Gould, K. A., and Dove, W. F. (1992) Multiple intestinal neo-
plasia caused by a mutation in the murine homolog of the APC gene.
Science 256, 668 – 670

22. Savory, J. G., Bouchard, N., Pierre, V., Rijli, F. M., De Repentigny, Y.,
Kothary, R., and Lohnes, D. (2009) Cdx2 regulation of posterior develop-
ment through non-Hox targets. Development 136, 4099 – 4110

23. Schefe, J. H., Lehmann, K. E., Buschmann, I. R., Unger, T., and Funke-
Kaiser, H. (2006) Quantitative real-time RT-PCR data analysis: current
concepts and the novel “gene expression’s CT difference” formula. J. Mol.
Med. 84, 901–910

24. Aoki, K., Tamai, Y., Horiike, S., Oshima, M., and Taketo, M. M. (2003)
Colonic polyposis caused by mTOR-mediated chromosomal instability
in Apc�/Delta716 Cdx2�/� compound mutant mice. Nat. Genet. 35,
323–330

25. Batlle, E., Bacani, J., Begthel, H., Jonkheer, S., Gregorieff, A., van de Born,
M., Malats, N., Sancho, E., Boon, E., Pawson, T., Gallinger, S., Pals, S., and
Clevers, H. (2005) EphB receptor activity suppresses colorectal cancer
progression. Nature 435, 1126 –1130

26. Batlle, E., Henderson, J. T., Beghtel, H., van den Born, M. M., Sancho, E.,
Huls, G., Meeldijk, J., Robertson, J., van de Wetering, M., Pawson, T., and
Clevers, H. (2002) �-Catenin and TCF mediate cell positioning in the
intestinal epithelium by controlling the expression of EphB/ephrinB. Cell
111, 251–263

Cdx and Tumor Suppression

33352 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 48 • NOVEMBER 28, 2014



27. Gregorieff, A., and Clevers, H. (2005) Wnt signaling in the intestinal epi-
thelium: from endoderm to cancer. Genes Dev. 19, 877– 890

28. Pasquale, E. B. (2005) Eph receptor signalling casts a wide net on cell
behaviour. Nat. Rev. Mol. Cell Biol. 6, 462– 475

29. Clevers, H., and Batlle, E. (2006) EphB/EphrinB receptors and Wnt signal-
ing in colorectal cancer. Cancer Res. 66, 2–5

30. Bakaris, S., Cetinkaya, A., Ezberci, F., and Ekerbicer, H. (2008) Expression
of homeodomain protein CDX2 in colorectal adenoma and adenocarci-
noma. Histol. Histopathol. 23, 1043–1047

31. Kaimaktchiev, V., Terracciano, L., Tornillo, L., Spichtin, H., Stoios, D.,
Bundi, M., Korcheva, V., Mirlacher, M., Loda, M., Sauter, G., and Corless,
C. L. (2004) The homeobox intestinal differentiation factor CDX2 is se-
lectively expressed in gastrointestinal adenocarcinomas. Mod. Pathol. 17,
1392–1399

32. Sporn, M. B. (1996) The war on cancer. Lancet 347, 1377–1381
33. Thiery, J. P. (2003) Epithelial-mesenchymal transitions in development

and pathologies. Curr. Opin. Cell Biol. 15, 740 –746
34. Sipos, F., and Galamb, O. (2012) Epithelial-to-mesenchymal and mesen-

chymal-to-epithelial transitions in the colon. World J. Gastroenterol. 18,
601– 608

35. Akhurst, R. J., and Derynck, R. (2001) TGF-� signaling in cancer: a double-
edged sword. Trends Cell Biol. 11, S44-S51

36. Derynck, R., Akhurst, R. J., and Balmain, A. (2001) TGF-� signaling in
tumor suppression and cancer progression. Nat. Genet. 29, 117–129

37. Stevenson, B. R., Siliciano, J. D., Mooseker, M. S., and Goodenough, D. A.
(1986) Identification of ZO-1: a high molecular weight polypeptide asso-
ciated with the tight junction (zonula occludens) in a variety of epithelia.
J. Cell Biol. 103, 755–766

38. Sodir, N. M., Chen, X., Park, R., Nickel, A. E., Conti, P. S., Moats, R.,
Bading, J. R., Shibata, D., and Laird, P. W. (2006) Smad3 deficiency pro-
motes tumorigenesis in the distal colon of ApcMin/� mice. Cancer Res.
66, 8430 – 8438

39. Yoshinaga, K., Obata, H., Jurukovski, V., Mazzieri, R., Chen, Y., Zilberberg,
L., Huso, D., Melamed, J., Prijatelj, P., Todorovic, V., Dabovic, B., and
Rifkin, D. B. (2008) Perturbation of transforming growth factor (TGF)-�1
association with latent TGF-� binding protein yields inflammation and
tumors. Proc. Natl. Acad. Sci. U.S.A. 105, 18758 –18763

40. Hasson, R. M., Briggs, A., Carothers, A. M., Davids, J. S., Wang, J., Javid,
S. H., Cho, N. L., and Bertagnolli, M. M. (2014) Estrogen receptor � or �

loss in the colon of Min/� mice promotes crypt expansion and impairs
TGF� and HNF3� signaling. Carcinogenesis 35, 96 –102

41. Cho, N. L., Javid, S. H., Carothers, A. M., Redston, M., and Bertagnolli,
M. M. (2007) Estrogen receptors � and � are inhibitory modifiers of Apc-
dependent tumorigenesis in the proximal colon of Min/� mice. Cancer
Res. 67, 2366 –2372

42. Muñoz, N. M., Upton, M., Rojas, A., Washington, M. K., Lin, L., Chytil, A.,
Sozmen, E. G., Madison, B. B., Pozzi, A., Moon, R. T., Moses, H. L., and
Grady, W. M. (2006) Transforming growth factor � receptor type II inac-
tivation induces the malignant transformation of intestinal neoplasms ini-
tiated by Apc mutation. Cancer Res. 66, 9837–9844

43. Sekiya, T., Adachi, S., Kohu, K., Yamada, T., Higuchi, O., Furukawa, Y.,
Nakamura, Y., Nakamura, T., Tashiro, K., Kuhara, S., Ohwada, S., and
Akiyama, T. (2004) Identification of BMP and activin membrane-bound
inhibitor (BAMBI), an inhibitor of transforming growth factor-� signal-
ing, as a target of the �-catenin pathway in colorectal tumor cells. J. Biol.
Chem. 279, 6840 – 6846

44. Zhu, Y., Richardson, J. A., Parada, L. F., and Graff, J. M. (1998) Smad3
mutant mice develop metastatic colorectal cancer. Cell 94, 703–714

45. Itoh, F., Divecha, N., Brocks, L., Oomen, L., Janssen, H., Calafat, J., Itoh, S.,
and Dijke Pt, P. (2002) The FYVE domain in Smad anchor for receptor
activation (SARA) is sufficient for localization of SARA in early endo-
somes and regulates TGF-�/Smad signalling. Genes Cells 7, 321–331

46. Runyan, C. E., Hayashida, T., Hubchak, S., Curley, J. F., and Schnaper,
H. W. (2009) Role of SARA (SMAD anchor for receptor activation) in
maintenance of epithelial cell phenotype. J. Biol. Chem. 284, 25181–25189

47. Funaba, M., Zimmerman, C. M., and Mathews, L. S. (2002) Modulation of
Smad2-mediated signaling by extracellular signal-regulated kinase. J. Biol.
Chem. 277, 41361– 41368

48. Brown, J. D., DiChiara, M. R., Anderson, K. R., Gimbrone, M. A., Jr, and
Topper, J. N. (1999) MEKK-1, a component of the stress (stress-activated
protein kinase/c-Jun N-terminal kinase) pathway, can selectively activate
Smad2-mediated transcriptional activation in endothelial cells. J. Biol.
Chem. 274, 8797– 8805
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